The mutagenicity of an oxidized form of dGTP, 8-hydroxy-2'-deoxyguanosine 5'-triphosphate (8-OH-dGTP), was examined using human 293T cells. Shuttle plasmid DNA containing the supF gene was first transfected into the cells, and then 8-OH-dGTP was introduced by means of osmotic pressure. The DNAs replicated in the cells were recovered and then transfected into Escherichia coli. 8-OH-dGTP induced A:TC:G substitution mutations in the cells. The knock-downs of DNA polymerases η and ζ, and REV1 by siRNAs reduced the A:TC:G substitution mutations, suggesting that these DNA polymerases are involved in the misincorporation of 8-OH-dGTP opposite A in human cells. In contrast, the knock-down of DNA polymerase ι did not affect the 8-OH-dGTP-induced mutations. The decrease in the induced mutation frequency was more evident by double knock-downs of DNA pols η plus ζ and REV1 plus DNA pol ζ (but not by that of DNA pol η plus REV1), suggesting that REV1-DNA pol η and DNA pol ζ work in different steps. These results indicate that specialized DNA polymerases are involved in the mutagenesis induced by the oxidized dGTP. of dGTP in the nucleotide pool is another important endogenous source of mutagenesis. Nunoshiba et al. reported that one of the mutations found most frequently in an E. coli strain lacking superoxide dismutases and a repressor for iron-uptake systems was an A:TC:G transversion, and concluded that the mutation was caused by 8-OH-dGTP, on the basis of various experiments [17]. Deficiencies in the E. coli MutT and mouse MTH1 proteins that catalyze the hydrolysis of 8-OH-dGTP caused 4 increased mutation rates and tumor formation, respectively [18-23]. In terms of the accumulation of 8-OH-Gua in DNA, the contributions of 8-OH-dGTP from the nucleotide pool and the direct oxidation of G bases in DNA are reportedly almost equal [19]. The presence of 8-OH-dGTP in the mitochondrial nucleotide pool was recently shown [24]. The concentration of this oxidized dGTP was 1-10% of that of unmodified dGTP. Although the amounts of 8-OH-dGTP in the nucleus and cytosol are not presently known, it seems reasonable to hypothesize that 8-OH-dGTP is present in the nucleus. Recently, we showed that 8-OH-dGTP was mutagenic and specifically induced A:TC:G transversions in live simian cells [25]. The A:TC:G mutations would occur due to the incorporation of 8-OH-dGTP opposite A in template DNA by DNA polymerase(s) (pol(s)) [26].
Introduction
Nucleic acids are subjected to thousands of oxidative hits per day [1] . The resulting nucleic acid oxidation represents a potentially important source of mutations, and is one of the causative factors of carcinogenesis, neurodegeneration, and aging [2] [3] [4] . 8-Hydroxyguanine (8-OH-Gua, also known as 8-oxoguanine) is one of the major oxidized bases produced by reactive oxygen species (ROS) [5, 6] . This damaged base has been used as a marker of (DNA) oxidation, due to its sensitive detection by an HPLC-electrochemical detector system [5] . Site-directed mutagenesis experiments using Escherichia coli and mammalian cells indicated that 8-OH-Gua in DNA has high mutagenic potential [7] [8] [9] [10] [11] [12] [13] [14] [15] .
ROS also oxidize DNA precursors (deoxyribonucleotides). 8-Hydroxy-2'-deoxyguanosine 5'-triphosphate (8-OH-dGTP, also known as 8-oxo-dGTP) is the major oxidation product of dGTP in in vitro oxidation reactions [16] . An increasing body of evidence indicates that the oxidation 6 5'-UUAAUAGCUCGUUCCAAGGUCUCUC; REV3 antisense, 5'-GAGAGACCUUGGAACGAGCUAUUAA. The control siRNA was that for low GC content (Invitrogen). The pZ189-StuI plasmid was constructed by replacing the linker sequence between the two EcoRI sites in pMY189 [33] by a linker oligodeoxyribonucleotide containing an StuI site. The E. coli strain KS40 (lacZ(am), CA7070, lacY1, hsdR, hsdM, Δ(araABC-leu)7679, galU, galK, rpsL, thi, gyrA)/pOF105 [34] was provided by Dr. Tatsuo Nunoshiba, of Tohoku University, and was used as an indicator strain of the supF mutants.
Mutagenesis experiments
293T cells (5 X 10 4 cells) were plated into 24-well isopropyl-β-D-thiogalactopyranoside (23.8 µg/ml), and the numbers of colonies on agar plates containing ampicillin and chloramphenicol, as described in Ref. [34] .
The nucleotide sequences of the supF gene were analyzed by sequencing, as described previously [37] , using an ABI PRISM Big Dye Terminator Cycle Sequencing Kit and ABI 377 and 3130 DNA sequencers (Applied Biosystems, Foster City, California, USA).
Analysis of 8-OH-Gua in DNA
293T cells (5 X 10 5 cells) were plated into a 60-mm dish and were cultured GAPDH lower, 5'-dGTCTTCTGGGTGGCAGTGAT.
Statistical analysis
Statistical significance was examined by the Student's t-test. Levels of P<0.05 were considered to be significant.
Results

Induction of mutations by 8-OH-dGTP in 293T cells
Previously, we observed that A:TC:G transversions were specifically induced by 8-OH-dGTP in simian COS-7 cells [25] . To knock-down various DNA pols, human cells for which the genomic sequence is available are a better choice. In this study, we first examined the mutagenic potential of 8-OH-dGTP in living human 293T cells. The pZ189-StuI plasmid, containing the supF gene, the SV40 large T antigen gene, and the SV40 origin of replication, was used in this study. The large T antigen is produced from the gene on the plasmid in addition to the gene on the chromosome in 293T cells, and the use of this plasmid enhanced 8-OH-dGTP-induced mutations in comparison with the pSVKAM189/Zeo(+) plasmid used in the previous study [25] (data not shown), possibly due to the increased amount of the large T antigen necessary for replication initiation of the plasmid. 8-OH-dGTP was introduced into the 293T cells carrying the pZ189-StuI plasmid by the osmotic pressure method [35] , rather than with the cationic lipids used previously [25] . The replicated DNA was recovered from the treated 293T cells and then was transfected again into the indicator E. coli strain, KS40/pOF105 [34] . Solutions containing dGTP or no deoxyribonucleotide (none) instead of that containing 8-OH-dGTP were used in the control experiments.
As shown in Fig. 1 , the introduction of 8-OH-dGTP into 293T cells enhanced the total mutant frequency. This result was in contrast to the previous result that 8-OH-dGTP did not increase the total mutation frequency in COS-7 cells [25] . This discrepancy could be due to the differences in the 8-OH-dGTP introduction methods, the cell line, and the plasmid DNA used. In contrast, the observed supF mutant frequency did not increase when the unmodified dGTP was introduced ( Fig. 1 ).
We measured the 8-OH-Gua content in DNA to examine the introduced 8-OH-dGTP was actually incorporated into DNA. The introduction of 8-OH-dGTP was carried out on a 10-fold larger scale than that of the mutagenesis experiment described above, keeping the same concentration of 8-OH-dGTP, and total (genomic plus plasmid) DNA, not plasmid DNA alone, was analyzed, due to the amount of DNA required. 
Mutation spectrum of 8-OH-dGTP
We analyzed the sequences of the supF genes in 197, 126, and 60 colonies, experiments. This result is in agreement with the previously reported A:TC:G induction by 8-OH-dGTP in E. coli and simian cells [25, 39] .
The distributions of the mutations in the supF gene found in this study are shown in Supplementary Figs. 1 and 2 . Positions 95-97 correspond to those of the anticodon in the encoded tRNA, and many mutations were found at the 96th and 97th positions, in the case of the 8-OH-dGTP-treated group.
Knock-downs of specialized DNA polymerases affect the induced mutations
We next examined the effects of the knock-downs of specialized DNA pols by siRNAs. In this study, DNA pols η, ι, and ζ, and REV1 were selected as the knock-down targets. These knock-downs were measured by quantitative RT (reverse transcription)-PCR (Table 2 ) and checked by western blotting in the cases of pols η and ι (data not shown). The treatment of 293T cells with siRNA reduced mRNAs for these DNA pols.
Since we did not observe the effective knock-down of DNA pol κ, this pol was excluded from the analysis. Total of >3.8 X 10 6 transformed E. coli cells were obtained by the electroporation when we determined the mutant frequencies.
The mutant frequencies upon the treatment with siRNAs against DNA pols η, ι, and ζ, and REV1 (and control siRNA) were similar in the control experiments ((1.0-1.5) X 10 -4 , data not shown), indicating that the decrease in these DNA pols did not affect the background mutant frequency in this experimental system.
We then introduced 8-OH-dGTP into the knocked-down 293T cells.
The supF mutant frequencies were affected by the knock-downs of three of the four specialized DNA pols examined in this study. As shown in Fig. 2 , the induced mutant frequencies were significantly decreased in the cells in which DNA pols η and ζ, and REV1 were reduced. In contrast, the knock-down of DNA pol ι did not affect the mutant frequency.
The mutation spectra in the knocked-down cells are shown in Table   3 . In all cells treated with siRNAs, 8-OH-dGTP specifically induced A:TC:G transversions. The mutation frequency for the induced A:TC:G substitution was calculated by multiplying the mutant frequency by the proportion of mutants containing A:TC:G substitutions ( Table 4 ).
The knock-downs of DNA pols η and ζ, and REV1 reduced the frequency of the A:TC:G mutations, suggesting that these DNA pols, but not DNA pol ι, are involved in the mutagenic event induced by 8-OH-dGTP.
The overall distributions of the mutations were unchanged by the knock-downs, as shown in Supplementary Figs. 3-5 .
Effects of double knock-downs of specialized DNA polymerases
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We finally examined the effects of the double knock-downs of specialized DNA pols. DNA pols η and ζ (REV3), and REV1 were selected as the knock-down targets, based on the results shown in Fig. 2 . These knock-downs were measured by quantitative RT-PCR ( Table 5 ). The double knock-down of these DNA pols did not affect the background mutant frequency in this experimental system (data not shown).
The knock-down of both DNA pol η and REV1 decreased the mutant frequency induced by 8-OH-dGTP ( Fig. 3) . However, the effect of the double knock-down was similar to those of the single knock-downs of DNA pol η and REV1. In contrast, the induced mutant frequencies were decreased by ~50% in the cells in which DNA pol η plus REV3 (DNA pol ζ) and REV1 plus REV3 were knocked-down. These results may suggest that REV1-DNA pol η and DNA pol ζ work in different steps in the mutation process of 8-OH-dGTP.
Discussion
A:TC:G transversion mutations were induced by 8-OH-dGTP in human 293T cells ( Table 1 ). The same type of mutation is induced by 8-OH-dGTP in E. coli and simian cells [25, 39] . These findings suggest that 8-OH-dGTP was incorporated opposite A, and dCTP was then inserted opposite the 16 incorporated 8-OH-Gua residue during the next round of replication [26] . It was previously shown that mammalian DNA pols misinserted this oxidized dGTP opposite A in vitro [29, 30, [40] [41] [42] [43] [44] . In particular, DNA pol η, a Y-family DNA pol, erroneously incorporated 8-OH-dGTP opposite A quite frequently [29, 30] .
This study examined the involvement of specialized DNA pols in the mutagenesis by 8-OH-dGTP. DNA pols η and ι, and REV1, which are members of the Y-family DNA pols, and DNA pol ζ, a B-family DNA pol, were knocked-down, and 8-OH-dGTP was introduced into the knocked-down cells. As shown in Fig. 2 and Table 4 In addition, the knock-down of REV3 (the catalytic subunit of DNA pol ζ) reduced the mutagenicity of 8-OH-dGTP ( Fig. 2 and Table 4 ). DNA pol ζ is a highly specialized pol, specifically adapted for extending primer termini opposite from a diverse array of DNA lesions [28] . This unique characteristic of pol ζ led us to speculate that pol ζ may extend a nascent strand from the 8-OH-Gua residue that was incorporated by pol η.
However, DNA pol η extends a primer with 8-OH-Gua paired with template A in vitro [30] . We cannot disregard the possibility of the incorporation of 8-OH-dGTP by DNA pol ζ at this time, since no report about it is available.
Suppression of REV1 expression also decreased the 8-OH-dGTP-induced mutations ( Fig. 2 and Table 4 ). REV1 is a member of the Y-family DNA pols, but it acts as deoxycytidyl transferase opposite a range of damaged bases [27, 28] . 
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As shown in Table 2 , the knock-down of the specialized DNA pols was not very efficient. In particular, only 30% of reduction was observed for REV3. However, the knock-downs of DNA pols η and ζ, and REV1 reduced the 8-OH-dGTP-induced mutation (Fig. 2) . Thus, these decreased levels of mRNA are seemed sufficient to affect the induced mutagenesis.
This study focused on specialized DNA pols in the [13] H. Kamiya The mutation frequency was calculated by multiplying the mutant frequency (shown in Fig. 2 ) by the proportion of mutants containing A:TC:G substitutions (shown in Table 3 ). The amount of mRNA was measured by quantitative RT-PCR at 24 hr and 48 hr after siRNA introduction. The amount of mRNA was normalized relative to that of the human GAPDH mRNA contained in each sample. Relative values to that in 293T cells treated with the control siRNA are shown. Data are expressed as means ± standard deviation (n=3-4). 
Figure legends
